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Abstract Long-term caloric restriction in rodents is known to
decrease levels of oxidative damage, which may contribute to
an ‘anti-ageing’ effect. We show here that a shorter period
(10 months) of caloric restriction had only small effects on levels
of oxidative DNA and protein damage in the livers of mice, but
completely attenuated increased oxidative damage caused by the
carcinogen clofibrate. Since clofibrate is thought to exert its
actions by increasing oxidative damage, our data suggest that
10 months of caloric restriction can increase the resistance of
tissues to agents inducing oxidative stress. This may be an
important factor in explaining how caloric restriction decreases
cancer incidence.
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1. Introduction
Reactive oxygen species such as superoxide radical, hydro-
gen peroxide and hydroxyl radical are thought to play an
important role in the process of ageing in animals [1^4]. In-
deed, levels of oxidative damage to proteins (usually measured
as protein carbonyls) and to DNA have been reported to rise
with age in some human and other animal tissues [1^7]. Long-
term caloric restriction in rodents has been shown to extend
maximum lifespan and to decrease levels of oxidative damage
to DNA and proteins in older animals, providing further evi-
dence for a role of reactive oxygen species in the ageing pro-
cess [3,8^12]. These decreases in oxidative damage have
mostly been described in brain and skeletal muscle and do
not appear to be related to elevations of antioxidant defence
enzymes [2,8^12]. For example, in one study [12] of mice
caloric restriction decreased levels of 8-hydroxy-2P-deoxygua-
nosine (8-OHdG), a commonly-used biomarker of oxidative
DNA damage [13,14], in nuclear DNA from brain and skel-
etal muscle.
Cancer can arise from the actions of endogenously-gener-
ated reactive oxygen species [1,3] and also from DNA damage
by exogenous carcinogens, some of which appear to act, in
whole or in part, by causing oxidative DNA damage [1,15,16].
In the present paper, we show that caloric restriction for a
period of 10 months, too short to alter endogenous levels of
oxidative damage signi¢cantly, could nevertheless attenuate
oxidative damage caused by the hepatocarcinogen clo¢brate.
The mechanism of the action of clo¢brate is thought to in-
volve peroxisome proliferation leading to increased oxidative
damage which in turn facilitates cancer development [15,16].
2. Materials and methods
2.1. Animals
Weanling male ARC Swiss Albino Outbred mice were obtained
from the animal center of the National University of Singapore.
The animal room was operated on a 12 h light and 12 h dark cycle
and constant temperature and humidity. All mice were fed diet A
(Table 1) ad libitum for 2 weeks and then the mice were divided
into two groups. The control group (AL) was fed diet A ad libitum
for 10 months. The caloric restriction group was fed diet B at 60% of
the mean caloric intake of control group for 10 months. The amount
of food ingested by ad libitum mice was measured twice a week. Diet
B was adjusted so that the intake of vitamins and minerals was com-
parable in both groups (Table 1). At the end of 10 months feeding,
every group was subdivided into two groups. All four groups were
allowed to take food (diet A) ad libitum. However, two groups were
given clo¢brate-treated pellets while the other two received control
pellets. Clo¢brate was dissolved in acetone (0.5 g/100 ml for 100 g
food) and food pellets (diet A) were immersed in this solution for 1 h.
The solvent was then completely evaporated by fan in air so that all
the clo¢brate remained in the pellets (0.5 g/100 g of food). Food from
the same batch treated identically with acetone alone was used in
control diets. Clo¢brate had no e¡ect on food intake as assessed by
the weight of pellets consumed and by the gain of weight of the
animals. From the weight of food consumed, it was calculated that
the mice consumed 50 mg of clo¢brate per day per animal. The num-
bers of mice used in each experiment are speci¢ed in the ¢gure
legends.
2.2. Subcellular fractionation
The mice were killed by cervical dislocation after 14 days on the
clo¢brate (or control) diets and the livers were immediately excised
and sliced in sucrose I bu¡er (0.25 M sucrose, 5 mM HEPES and
0.5 mM EGTA, pH 7.5) on ice. Excess blood was rinsed o¡ with this
bu¡er and the tissue cut up into small pieces in the same bu¡er. It was
then homogenized on ice using six strokes of a manually-operated
loose plunger (Wheaton 55 ml glass homogenizer, USA). The homo-
genate was spun at 1000Ug for 10 min at 4‡C. Tissue paper was used
to remove the fat layer present on the surface and the supernatant was
centrifuged in the same manner twice more. The ¢nal supernatant was
collected and recentrifuged at 10 000Ug for 10 min at 4‡C to obtain
the mitochondrial pellet, which was then washed with sucrose II so-
lution (0.25 M sucrose and 5 mM HEPES, pH 7.5) and resuspended
in this solution. The mitochondria were puri¢ed from this fraction
using sucrose gradients [17]. Nuclear fractions were obtained by cen-
trifugation of liver homogenates at 1000Ug for 20 min and then
further puri¢ed by centrifugation through 1.75 M sucrose for 1 h at
40 000Ug [18].
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2.3. Biochemical assays
Peroxisomal L-oxidation was determined by direct assay of acyl-
CoA oxidase activity using decanoyl-CoA as substrate [19]. Protein
carbonyls, a general assay of oxidative protein damage, were meas-
ured by a reaction with dinitrophenylhydrazine (DNPH) [20]. The
nuclear fractions were homogenized in 1 ml bu¡er (100 mM
KH2PO4^K2HPO4, 0.1% digitonin, pH 7.4) containing 100 Wl of pro-
tease inhibitor cocktail (5 Wg/ml aprotinin, 5 Wg/ml leupeptin, 7 Wg/ml
pepstatin A and 10 mM EDTA) and 80 Wg of phenylmethanesulfonyl
£uoride (dissolved in ethanol). The homogenized fractions were left at
room temperature for 15 min and then centrifuged at 2800Ug for
10 min. The supernatant was removed and incubated at room temper-
ature for 15 min with streptomycin sulfate solution (¢nal concentra-
tion 1%, w/v) to allow the DNA to precipitate. After centrifugation at
2800Ug for 10 min, the supernatant was collected for nuclear protein
carbonyl determination. Puri¢ed mitochondrial fractions were used to
determine mitochondrial protein carbonyls after incubation with
streptomycin sulfate [20]. The puri¢ed nuclear or mitochondrial frac-
tions were incubated with either 10 mM DNPH in 2 M HCl or with
2 M HCl alone for 1 h. Protein was then precipitated by adding an
equal volume of 20% (w/v) trichloroacetic acid and allowing to stand
for 15 min. The protein was spun down at 3400Ug, and the pellets
were washed three times with an ethyl acetate:ethanol mixture (1:1,
v/v) to remove excess DNPH. The ¢nal protein pellet was dissolved in
6 M guanidinium hydrochloride and the absorbance was measured at
370 nm using 22 000/M/cm as the molar extinction coe⁄cient of car-
bonyls. The protein concentration was calculated from the A280 of the
HCl samples. The protein concentrations for other assays were deter-
mined by the method of Lowry et al. [21], with bovine serum albumin
as standard.
2.4. Assay of oxidative DNA damage
Nuclear DNA was extracted according to Gupta [22] except that
butylated hydroxytoluene was added [23]. Mitochondria prepared
with sucrose gradients [17] were used to isolate mitochondrial DNA
as described by Birnboim and Doly [24] and Palva and Palva [25].
Mitochondrial DNA (10^20 Wg) and nuclear DNA (100 Wg) were
digested with DNase I, nuclease P1 and alkaline phosphatase
[26,27]. The high-performance liquid chromatography system used
for 8-OHdG measurement consisted of a Gilson 811 pump (Gilson,
Villers-Le-Bel, France), a Whatman Partisphere-5 C18 column (What-
man, Clifton, NJ, USA), a Gilson 234 sample injector, a Gilson 832
temperature regulator and a Shimadzu model CR-5A integrator (Shi-
madzu, Kyoto, Japan). A Hewlett-Packard 1050 UV detector (254
nm) (Waldbronn, Germany) connected to a Hewlett-Packard 1049
electrochemical detector in series was used to monitor deoxyguanosine
and 8-OHdG, respectively [27]. The mobile phase consisted of 10 mM
NH4H2PO4,10 mM KCl, 1 mM EDTA and 5% methanol (pH 7.4) at
a £ow rate of 1 ml/min.
3. Results
3.1. General lack of e¡ect of caloric restriction on oxidative
damage in liver
The dietary restriction regime used decreased the caloric
intake of the mice by 40%, but the intake of vitamins and
minerals was maintained constant by adjusting the composi-
tion of the diets. As expected, caloric restriction led to a
decrease in the body weight of the mice relative to ad libitum
fed animals even after a return to a normal diet for 2 weeks
Table 1
The composition of the diets used in this study
Dietary components Diet A (g/100 g) Diet B (g/100 g)
Casein 21 21
DL-Methionine 0.15 0.15
Sucrose 15 15
Dextrin 43.65 38.85
Corn oil 10 10
Mineral mix 5 8.34
Vitamin mix 2 3.33
Choline chloride 0.2 0.33
Solka-Floc 3 3
Total (g) 100 100
Fig. 1. Ten month caloric-restricted (CR) and ad libitum fed (AL)
mice were treated with clo¢brate for 14 days. Protein carbonyl lev-
els in liver nuclear (A) and mitochondrial (B) fractions are pre-
sented as means þ S.D. The numbers of animals are: CR control
group, 7; CR clo¢brate, 9; AL control, 6, and AL clo¢brate, 7. (a)
P6 0.005 for clo¢brate-treated animals compared to control in AL
group.
Fig. 2. Ten month caloric-restricted (CR) and ad libitum fed (AL)
mice were treated with clo¢brate for 14 days. 8-OHdG levels in liver
nuclear and mitochondrial fractions are presented as means þ S.D.
The number of samples are: CR control group, 7; CR clo¢brate, 9;
AL control, 6, and AL clo¢brate, 7. (a) P6 0.05 for CR compared
to AL in control group. (b) P6 0.05; (b*) P6 0.01 for CR com-
pared to AL in clo¢brate-treated group. (c) P6 0.05; (c*) P6 0.01
compared to control in AL group.
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(Table 2). The weight of the liver was slightly decreased, but
not signi¢cantly (Ps 0.05).
3.2. The response of the liver to clo¢brate
Caloric restriction did not alter the response of the liver to
clo¢brate, in terms of increase in liver mass and peroxisome
proliferation. Clo¢brate administration produced similar per-
centage increases in liver mass (approximately 40%) in both
normal and caloric-restricted animals (Table 2). Caloric re-
striction decreased the basal activity of peroxisomal L-oxida-
tion in the mice (Table 2), but the rise in L-oxidation capacity
in both ad libitum fed and caloric-restricted animals after
clo¢brate administration were not signi¢cantly di¡erent,
although there was a greater standard deviation in the clo¢-
brate-treated animals.
3.3. Oxidative damage induced by clo¢brate is attenuated in
caloric-restricted animals
Caloric restriction had no e¡ect on the levels of oxidative
protein damage, as measured by the carbonyl assay (a general
assay of oxidative protein damage [2,28]), in either mitochon-
drial or nuclear fractions (both puri¢ed by gradient methods).
Oxidative DNA damage was measured as levels of 8-OHdG, a
well-established biomarker [13,14]. Again, caloric restriction
had no e¡ect on the levels of 8-OHdG in liver nuclei from
the mice (Fig. 2A). Levels of 8-OHdG in mitochondrial DNA
were higher than in nuclear DNA, as expected from previous
work [3,29], and caloric restriction produced a small but sig-
ni¢cant (25%) drop in these levels (Fig. 2B). Measurements
were made at 14 days of clo¢brate administration since our
previous time-course study showed that oxidative damage had
reached maximum levels at that time [30].
Clo¢brate administration raised levels of oxidative protein
damage in both nuclear and mitochondrial fractions of ad
libitum fed animals (Fig. 1). It also raised levels of 8-OHdG
in both fractions. The increase in protein carbonyls in both
fractions was prevented in the caloric-restricted animals, as
was the rise in 8-OHdG in the nucleus. The rise in 8-OHdG
in the mitochondria was also attenuated.
4. Discussion
In our experiment we calorically restricted mice for 10
months, a time period which had little e¡ect on basal levels
of oxidative DNA or protein damage in the liver, although
levels of 8-OHdG in mitochondrial DNA were decreased
somewhat. It is possible that changes in basal levels of oxida-
tive damage in liver did occur during the caloric restriction
but were reversed during the 2 week return to a normal diet.
However, previous studies on caloric-restricted animals have
shown that decreases in parameters of oxidative damage are
more likely to be seen in post-mitotic tissues such as brain
than in liver and also they generally only appear in mice
calorie-restricted for periods longer than those used here [7^
12].
Clo¢brate treatment of ad libitum fed mice elevates levels of
oxidative damage to proteins and DNA in both mitochondria
and nucleus of the liver, consistent with previous reports
[15,16,30]. Although the metabolic response of the liver to
clo¢brate did not appear to be substantially altered in the
caloric-restricted animals, as assessed by changes in liver
mass or peroxisomal L-oxidation activity, the oxidative dam-
age normally caused by clo¢brate in nucleus and mitochon-
dria [15,16,30] was almost completely abolished. This might
mean that the oxidative damage can be dissociated from the
peroxisome proliferation, perhaps mitochondrial free radical
generation is involved [30]. Alternatively, or in addition, it
could mean that the system is better able to withstand oxida-
tive damage, e.g. by up-regulation of antioxidant defence or
repair systems. Hence, prior caloric restriction can apparently
render the liver, and perhaps other tissues, more resistant to
insults involving oxidative damage to DNA and protein, even
when the animals have returned to a normal diet. This may
help to explain why caloric restriction can delay cancer devel-
opment in animals.
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